Nitrogenase is an essential metalloenzyme that catalyzes the biological conversion of dinitrogen (N2) to ammonia (NH3). The vanadium (V)-nitrogenase is very similar to the ''conventional'' molybdenum (Mo)-nitrogenase, yet it holds unique properties of its own that may provide useful insights into the general mechanism of nitrogenase catalysis. So far, characterization of the vanadium iron (VFe) protein of Azotobacter vinelandii V-nitrogenase has been focused on 2 incomplete forms of this protein: ␣␤2 and ␣2␤2, both of which contain the small ␦-subunit in minor amounts. Although these studies provided important information about the V-dependent nitrogenase system, they were hampered by the heterogeneity of the protein samples. Here, we report the isolation and characterization of a homogeneous, His-tagged form of VFe protein from A. vinelandii. This VFe protein has a previouslyunsuspected, ␣2␤2␦4-heterooctameric composition. Further, it contains a P-cluster that is electronically and, perhaps, structurally different from the P-cluster of molybdenum iron (MoFe) protein.
that of its Mo counterpart, which involves the interaction between Fe and VFe proteins and ATP-dependent transfer of electrons between the 2 proteins.
So far, attempts have been made to isolate the V-nitrogenase from 2 closely-related soil bacteria: Azotobacter chroococcum and Azotobacter vinelandii (8) (9) (10) . The VFe protein of A. chroococcum has an optimal subunit composition of ␣ 2 ␤ 2 ␦ 2 (11) † ; whereas the same protein from A. vinelandii has been purified in 2 forms: ␣␤ 2 and ␣ 2 ␤ 2 , both of which contain the small ␦-subunit in minor amounts (10) . Biochemical and spectroscopic investigations of these proteins have revealed the similarities and dissimilarities between VFe and MoFe proteins and provided invaluable insights into the V-dependent nitrogenase system (2) . However, the heterogeneity of the protein samples, particularly in the case of the A. vinelandii VFe protein, has hampered further progress along this line of research. Here, we report the isolation and characterization of a homogeneous, His-tagged form of VFe protein from A. vinelandii. This VFe protein has a previouslyunsuspected, ␣ 2 ␤ 2 ␦ 4 -heterooctameric composition. Further, it contains a P-cluster that is electronically and, perhaps, structurally different from the P-cluster of MoFe protein. More importantly, it is catalytically distinct from the MoFe protein, particularly with regard to the mechanism of H 2 evolution. A detailed EPR investigation of the origins and interplays of FeVco-and P-cluster-associated signals is presented herein, which lays the foundation for future kinetic and structural analysis of the VFe protein.
Results
Using the fast one step purification method, up to Ϸ500 mg of His-tagged VFe protein was routinely purified from 250 g of cells of A. vinelandii strain YM68A. Like MoFe protein, VFe protein appears as a single band in the native PAGE (Fig. 1A) , suggesting that it is a homogeneous protein species. However, VFe protein exhibits different mobility than MoFe protein in the native gel ( Fig. 1 A) , which originates, in part, from their different subunit compositions. MoFe protein is an ␣ 2 ␤ 2 tetramer comprising ␣ (Ϸ56 kDa) and ␤ (Ϸ59 kDa) subunits. In contrast, VFe protein is consisted of 3 subunits: ␣ (Ϸ53.9 kDa), ␤ (Ϸ54.1 kDa), and ␦ (Ϸ13.4 kDa) (Fig. 1B) ; and an ␣/␤/␦ molar ratio of Ϸ1:1:2 is obtained from quantitative N-terminal amino acid analysis and total amino acid determination (Table 1) . Moreover, gel filtration data show that VFe protein has a molecular mass of 270 kDa, which is consistent with an ␣ 2 ␤ 2 ␦ 4 -subunit composition of the protein. With regard to the cluster content, metal analysis reveals that VFe protein contains Ϸ2 mol of V and Ϸ34 mol of Fe per mol of protein (Table 2) , which could account for the presence of 2 FeVcos and 2 P-clusters per protein molecule ‡ . Thus, a homogeneous species of VFe protein from A. vinelandii was obtained, which contains all 3 subunits in stoichiometric amounts. The metal content is the highest documented to date to our knowledge, suggesting the presence of a full complement of metal clusters in the protein. Moreover, the unexpected ␣ 2 ␤ 2 ␦ 4 -subunit composition signifies novel structural and/or functional properties of this protein.
Consistent with earlier reports (2), VFe protein differs from MoFe protein in catalysis (Table 3) . Compared with MoFe protein, the total electron fluxes through VFe protein under C 2 H 2 /Ar (where C 2 H 4 and C 2 H 6 are formed), Ar (where only H 2 is formed), and N 2 (where NH 3 and H 2 are formed) are 30%, 86%, and 81%, respectively ( Table 4 ). As such, VFe protein is less effective in substrate reduction than MoFe protein. C 2 H 2 appears to be a particularly poor substrate for VFe protein; however, it can be reduced to both C 2 H 4 and C 2 H 6 (in minor quantity). In comparison, MoFe protein reduces C 2 H 2 with a much higher efficiency, yet C 2 H 4 is the only product formed in this reaction. Under N 2 , VFe protein generates NH 3 and H 2 at a NH 3 /H 2 ratio of 0.9, whereas MoFe protein forms these 2 products at a NH 3 /H 2 ratio of 2.3 (Table 4) . Clearly, there is a shift of electron flow toward H 2 evolution in the reaction catalyzed by VFe protein.
The discrepancy between the catalytic properties of VFe and MoFe proteins is further demonstrated by the effect of CO, a well-established inhibitor of nitrogenase, on H 2 evolution. Under Ar, H 2 formation by MoFe protein is largely unaffected by the presence of CO ( Fig. 2A, black line) . On the contrary, the same reaction catalyzed by VFe protein is gradually suppressed by an increasing amount of CO; however, it cannot be completely inhibited, preserving an activity of Ϸ108 nmol/nmol protein per min even at 100% CO (Fig. 2 A, red line) . The same discrepancy in the effect of CO on H 2 evolution is observed for MoFe and VFe proteins in the presence of 10% N 2 , where H 2 is formed as a coproduct of N 2 reduction. Formation of NH 3 from N 2 by either MoFe or VFe protein (Fig. 2B, I and III, black bars) is completely inhibited by the presence of 90% CO (Fig. 2B , II and IV, black bars). Consequently, the electrons associated with NH 3 formation are rerouted to the formation of H 2 . Because CO does not affect H 2 formation by MoFe protein, the rerouted electrons contribute to a net gain in H 2 evolution (Fig. 2B, I and II, red bars). In the case of VFe protein, however, the inhibitory effect of CO on H 2 formation (Fig. 2 A) outweighs the small gain of H 2 from rerouted electrons. As a result, there is a net loss in H 2 evolution by VFe protein under CO (Fig. 2B , III and IV, red bars). Interestingly, the total electron flux through MoFe protein remains constant in the presence or absence of CO (Fig. 2B, I and II, green bars), whereas the total electron flux through VFe protein is significantly decreased in the presence of CO (Fig. 2B , III and IV, green bars). Taken together, these observations suggest a mechanistic difference between the 2 proteins.
The distinct catalytic profile of VFe protein correlates further with its unique EPR features, which are different from those of the MoFe protein. In the dithionite-reduced state, the MoFe protein displays a rhombic S ϭ 3/2 signal that originates from the FeMoco center (1); in contrast, the VFe protein exhibits 3 EPR signals, which are 1/2, 3/2 and 5/2 in terms of spin property (Fig.  3A) . Although the S ϭ 3/2 signal of VFe protein has been assigned to the active FeVco center, the S ϭ 1/2 and 5/2 signals have not been well defined (2, 11) . In the indigo disulfonate (IDS)-oxidized state, the MoFe protein exhibits a strong, g ϭ 11.8 signal in the parallel-mode EPR that is associated with the ϩ2 oxidation state of the P-cluster (P 2ϩ ) (14, 15) . Such a signal is nearly invisible (if any) in the spectrum of VFe protein (Fig.  3B) . Clearly, the cluster species in VFe protein differ from those in MoFe protein in terms of electronic and, perhaps, structural properties. So far, an unambiguous assessment of the EPR properties of metal clusters in VFe protein has been precluded by the heterogeneity of protein samples. The success in obtaining a homogeneous and fully-complemented form of VFe protein allows us to visualize, within 1 protein species, all previouslyreported EPR features (which spread among different forms of VFe proteins from different organisms) at higher intensity and better resolution. Such an ''all-in-one'' form of VFe protein presents an unprecedented opportunity for a detailed investigation of the origins and interplays of the various EPR features of VFe protein, which, in turn, permits an in-depth account for the unique properties of VFe protein from a spectroscopic perspective.
The S ϭ 1/2 signal is perhaps the feature that best distinguishes VFe protein from MoFe protein in the dithionite-reduced state. It is an axial signal with g values of 2.03 and 1.92, and it integrates to 0.4 spin per protein (Fig. 3A) . Conflicting data have been presented concerning the physiological relevance of this signal (11) . Our data show that (i) the intensity of the S ϭ 1/2 signal remains at a constant ratio to that of the FeVco-associated, S ϭ 3/2 signal among VFe protein samples of varying activities ( of the S ϭ 3/2 signal (Fig. 4C) , is proportional to the specific activity of the protein; and (iii) in the presence of dithionite, MgATP and substrates, there is a concomitant decrease of the S ϭ 1/2 and S ϭ 3/2 signals in magnitude (Fig. 4 D-F) . These observations suggest that the S ϭ 1/2 signal is intimately associated with an active from of VFe protein, not only in the resting state, but also during substrate turnover. The origin of this S ϭ 1/2 signal has also remained a topic of debate. Earlier Mössbauer experiments suggest that the S ϭ 1/2 signal arises from FeVco (16) . However, such an S ϭ 1/2 signal has been observed in a FeVco-deficient, yet P-cluster-containing form of VFe protein (generated by deletion of nifB, the starting point of FeVco biogenesis) (17) . This observation suggests that the P-cluster, instead of the FeVco, gives rise to this signal. In this scenario, the P-cluster center of the VFe protein would be different from the ''standard'' P-cluster of the MoFe protein in spectroscopic properties, because (i) the P-cluster of MoFe protein does not show an S ϭ 1/2 signal in the dithionite-reduced state; and (ii) the P-cluster (P 2ϩ )-associated signal of the IDSoxidized MoFe protein is not clearly visible in the spectrum of the VFe protein (Fig. 3B) . Interestingly, previous oxidative titrations show that the ϩ1 oxidation state of the P-cluster (P 1ϩ ) in partially-oxidized MoFe protein displays an S ϭ 1/2 signal with g values of 2.06 and 1.95 (15) . The presence of an analogous S ϭ 1/2 signal in the dithionite-reduced VFe protein, therefore, suggests that the P-cluster species of the VFe protein may exist in a more oxidized state than those in the MoFe protein. One possible explanation for such a discrepancy is that the P-cluster in VFe protein is structurally distinct from its counterpart in MoFe protein. In support of this argument, the extended x-ray absorption fine structure (EXAFS) spectrum of the (17) .
The S ϭ 5/2 signal of VFe protein (18) has a g value of 6.68 (Fig. 3A) and appears to be closely associated with the S ϭ 1/2 signal, because (i) it has a similar temperature-dependent pattern as the S ϭ 1/2 signal (Fig. 5B) ; and (ii) it disappears concurrently with the S ϭ 1/2 signal upon IDS oxidation (Fig.  5D) . Additionally, like the S ϭ 1/2 signal, an analogous S ϭ 5/2 signal has also been observed at g ϭ 6.70 in the partially-oxidized MoFe protein and assigned to the P-cluster in the ϩ1 oxidation state (P 1ϩ ) (15) . Thus, the P-cluster of VFe protein could be the common origin of both S ϭ 1/2 and S ϭ 5/2 signals.
The S ϭ 3/2 signal is the most complex among all EPR features of VFe protein (2, 11) , exhibiting g values of 5.50, 4.32, and 3.77 (Fig. 3A) . Like the S ϭ 3/2 signal of the MoFe protein, this signal has been assigned to the substrate reducing site, i.e., the FeVco center of the VFe protein (2, 11). The S ϭ 3/2 signal of the VFe protein also behaves like that of the MoFe protein in that (i) its intensity is linearly correlated with the activity (Fig. 4C) ; and (ii) it is largely attenuated upon turnover (Fig. 4 D-F) . Apparently, there is a certain degree of similarity between the 2 cofactors (i.e., FeVco and FeMoco) that give rise to these S ϭ 3/2 signals. However, earlier magnetic circular dichroism (MCD) studies indicate that the electronic and magnetic properties of FeVco are quite distinct from those of FeMoco (19) . Consistent with this observation, the S ϭ 3/2 signal of VFe protein is more complex in shape than that of the MoFe protein, leading to the hypothesis that this signal is a mixture of several S ϭ 3/2 species (2, 11). Indeed, the 3 features of S ϭ 3/2 signal (at g ϭ 5.50, 4.32, and 3.77) do not behave in synchrony, because (i) the g ϭ 5.50 feature shows a different temperature dependency (Fig. 5C , black line) than that of the combined feature at g ϭ 4.32 and 3.77 features (Fig. 5C, red line) ; and (ii) upon IDS oxidation, the g ϭ The reactions generating these products are: (i) C 2H2 ϩ 2H ϩ ϩ 2e Ϫ 3 C2H4 and C2H2 ϩ 4H ϩ ϩ 4e Ϫ 3 C2H6; (ii) 2H ϩ ϩ 2e Ϫ 3 H2; and (iii) N 2 ϩ 8H ϩ ϩ 8e Ϫ 3 2NH3 ϩ H2. † Activity expressed as nmol electron pair appearing in product/min per nmol protein, calculated by multiplying activity in nmol product/min per nmol protein by the number of electron pairs appearing in each product, namely, 1, 2, 1 and 1.5, respectively, for C 2H4, C 2H6, H2 and NH3. This approach has been used previously to calculate the specific activities of nitrogenase reactions that involve the concomitant formation of multiple products (12, 13) . ‡ The sum of activity under each condition is calculated by adding activities, expressed in nmol electron pair/min per nmol protein, of formation of products concurrently formed in the same reaction. Thus-calculated activity represents the total electron flux per reaction, which is a better measure for activities in reactions involving multiple products. Percentages of activities of VFe protein in comparison to those of MoFe protein are given in parentheses.
4.32 and 3.77 features remain largely unchanged, whereas the g ϭ 5.50 feature disappears completely (Fig. 5D ). These observations suggest that the g ϭ 5.50 feature is a different S ϭ 3/2 species than that associated with the g ϭ 4.32 and 3.77 features.
Discussion
The ␣ 2 ␤ 2 ␦ 4 composition of the VFe protein is somewhat surprising, given the fact that vnfD, vnfG, and vnfK genes are present in a 1:1:1 ratio within 1 operon of the chromosome (2) . Explanation for such a subunit composition may be supplied by an incomplete, ␣␤ 2 -trimeric form of FeVco-deficient VFe protein (17) and the ␣␤ 2 -trimeric species that is likely a breakdown product generated by the prolonged purification procedures of nontagged VFe protein (10) . Apparently, the ␦-subunit is required for the stabilization of the ␣/␤-subunit interface, because the absence of this subunit results in the dissociation of 1 ␣␤-dimer and the loss of 1 ␣-subunit. Should this be the case, the 4 ␦-subunits may exist as 2 pairs of ␦ 2 -dimers, each ''locking'' 1 ␣␤-dimer in the ␣ 2 ␤ 2 ␦ 4 structure (Fig. S1 A) . Apart from stabilizing the ␣/␤-subunit interface, the ␦-subunit may also be involved in delivering FeVco to its destined location in the ␣-subunit, because the ␦-subunit is absent from the VFe protein structure when FeVco is not around to be transported (e.g., the FeVco-deficient VFe protein). An analogous FeMoco transporter (encoded by nifY) has been identified for the MoFe protein of Klebsiella pneumonia; only in this case, the transporter protein dissociates from the ␣ 2 ␤ 2 structure once its mission is completed (20) . The permanent association of the ␦-subunit as a ␦ 2 -dimer at the ␣/␤ interface of VFe protein may present a challenge to an unobstructed interaction between VFe and Fe proteins, because the Fe protein is another homodimer that interacts with both ␣-and ␤-subunits during catalysis. However, the ␦ 2 -dimer (26 kDa) is likely too small in size to interfere with this process; alternatively, it may have a different binding site than the Fe protein; finally, it could undergo structural rearrangements that accommodate the productive docking of Fe protein at the ␣/␤ interface of VFe protein (Fig. S1A) .
Evolution of H 2 by VFe protein clearly differs from that by MoFe protein. Based on the pattern of CO inhibition, there (D-F) Changes of EPR spectra in the presence of C 2H2 (D), N2 (E), and Ar (F) under turnover conditions. Shown are spectra of dithionite-reduced VFe proteins in resting (black) and turnover (red) states. Concomitant with the attenuation of the FeVco-associated S ϭ 3/2 signal upon turnover, S ϭ 1/2 signal is diminished in intensity, most notably at 6 K. The S ϭ 5/2 signal is also reduced in magnitude during turnover; however, such a change is best visualized at 15 K (Inset).
seems to be 2 different mechanisms of H 2 formation by Vnitrogenase: one is suppressed by CO, the other is not (Fig. 2) . In contrast, H 2 evolution by Mo-nitrogenase is largely unaffected by the presence of CO (Fig. 2) . Thus, the VFe protein, or, more specifically, its FeVco site may provide 2 sites for H 2 evolution, and CO particularly targets one of them. Alternatively, FeVco may have only 1 site for H 2 formation; however, if VFe protein follows a reaction mechanism that is similar to the LoweThorneley model of MoFe protein, where electrons and H ϩ are added stepwise to the cofactor site during enzymatic turnover, H 2 can be released at different oxidation states of the enzyme depending on how many electrons flow through the protein (Fig.  S1B ). Should this be the case, H 2 evolution can be arbitrarily divided into 2 categories: ''low-flux H 2 '' and ''high-flux H 2 '' (Fig.  6B ). In the case of VFe protein, CO likely blocks the electron flow before H 2 can be evolved as a coproduct of N 2 binding/ reduction (Fig. S1B, red box) . Consequently, only low-flux H 2 is generated, which corresponds to the unsuppressed activity of H 2 evolution in the presence of 100% of CO (Fig. 2 A, arrow) . In the case of MoFe protein, however, CO may block the electron flow at a later stage (Fig. S1B, green box) , preventing the release of NH 3 , yet leaving the evolution of H 2 intact. A third account for the differential effect of CO on H 2 evolution by MoFe and VFe proteins is that the addition of CO raises the resting E 0 Ј of the cofactors in the respective proteins without removing any electrons. The resting E 0 Ј of the MoFe protein could be more negative than that of the VFe protein. Thus, an increase in E 0 Ј upon the addition of CO may render the MoFe protein incapable of reducing N 2 , yet still fully capable of producing H 2 ; whereas in the case of the VFe protein, which starts from a more positive E 0 Ј, the addition of CO may inhibit N 2 reduction and diminish H 2 production at the same time.
The unique substrate-reducing activities of VFe protein may very well be associated with the presence of unique cluster species in the protein. The P-cluster in VFe protein is likely more oxidized and, perhaps, more ''open'' in structure, than the ''standard'' P-cluster in MoFe protein. This possibility is supported by the observation that the P-cluster in MoFe protein can undergo a two-electron oxidation process that concurrently opens up half of the [Fe 8 S 7 ] cage (6) . Further, in the resting state, the P-cluster in VFe protein gives rise to signals that are analogous to its MoFe protein counterpart in the turnover state (18) , suggesting a somewhat interconvertible nature of these P-clusters in oxidation state and/or structure. More importantly, this observation points to a plausible redox and/or structural change of the P-cluster that may be mechanisticallyrelevant to catalysis. With regard to FeVco, earlier EXAFS analyses show that the Fe-Fe distances of the isolated FeVco are similar to those of the FeMoco, whereas the Fe-V distance is significantly longer than the Fe-Mo distance (21) . However, despite the similarities between FeVco and FeMoco in the overall structure, MoFe protein heterologously reconstituted with isolated FeVco is only capable of reducing C 2 H 2 and H ϩ at low efficiencies, and it cannot reduce N 2 (22) . It is possible that, in the previously-isolated FeVco, the V atom may be loosely attached to the core (which explains the long Fe-V distance) and, consequently, it either dissociates from the core structure easily or is ''stuck'' in an unproductive conformation (which accounts for its low/missing activity in reconstitution). Indirectly, these results suggest the impact of heterometal (V in this case) on nitrogenase activity. Further, V may convey some very distinctive magnetic and electronic properties to FeVco, which is attested to by MCD, Mössbauer, and EPR analyses (2, 11) . This unique cofactor, along with the distinctive P-cluster of VFe protein, will remain the focal point of structural-functional investigations of V-dependent nitrogenase.
Materials and Methods
Unless noted otherwise, all chemicals and reagents were obtained from Fisher Scientific or Sigma-Aldrich. Cell growth, protein purification, protein characterization, activity assays, metal analysis, and EPR spectroscopy were performed as described (23) . See SI Text for more information on these procedures.
Construction of A. vinelandii Strain YM68A.
A. vinelandii strain YM68A was constructed on the basis of CA11.6, a tungsten (W)-resistant A. vinelandii strain containing deletions of nifHDK on the chromosome (24) . Using a previously-described procedure (25) , a sequence encoding 8 histidines was inserted at the 5Ј end of the vnfK gene and introduced into the genome of CA11.6. The resulting strain is designated YM68A, which expresses VFe protein with a polyhistidine tag at the N terminus of the ␤-subunit. 
